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Summary  In  this  paper  a  new  algorithm  using  adjacency  matrices  for  determining  the  possible
distinct inversions  from  a  kinematic  chain  is  presented,  a  unique  numerical  value  is  obtained
for each  distinct  link  of  a  chain  known  as  link  identiﬁcation  number  (LIN)  and  the  method  is
extended by  using  these  inversions  for  isomorphism  detection  among  a  given  pair  of  kinematicAdjacency  matrix chains and  the  sum  of  all  the  LIN  values  for  each  distinct  chain  is  also  a  unique  numerical  value
known as  chain  identiﬁcation  number  (CIN).  Several  test  examples  are  used  to  show  the  worth
of this  method.
©  2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
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Introduction
Inversions  of  a  kinematic  chain  are  obtained  by  ﬁxing  the
links  of  the  kinematic  chain,  one  at  a  time  so  as  many  inver-
sions  are  obtained  from  a  kinematic  chain  as  the  number
of  links  that  it  contains,  but  there  is  a  chance  that  two  or
more  inversions  can  perform  same  task,  so  it  is  necessary  to
determine  the  exact  number  of  possible  distinct  inversions
that  can  be  obtained  from  a  particular  kinematic  chain.
The  literature  pertaining  to  the  problem  of  isomorphism
is  available  in  plenty,  but  only  few  researchers  have  included
 This article belongs to the special issue on Engineering and Mate-
rial Sciences.
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he  issue  of  developing  the  distinct  inversions  from  the  non-
somorphic  chains  the  literature  which  includes  both  the
roblems  is  taken  up  by  Yan  and  Hwang  (1983)  uses  charac-
eristics  polynomial  method,  Rao  and  Raju  Varda  (1991)  uses
amming  string,  Chu  and  Cao  (1994)  presents  a method  of
djacent  chain  table  for  ﬁnding  distinct  inversions  and  iso-
orphism,  in  2000  Rao.  A.C.  gives  three  different  techniques
n  which  the  ﬁrst  one  based  on  fuzzy  logic  (Rao,  2000a)  sec-
nd  one  is  based  on  genetic  algorithm  (Rao,  2000b) and  the
hird  is  based  on  loops  and  sub  loops  (Rao  and  Pathapati,
000) present  in  a  kinematic  chain  to  detect  isomorphism
nd  ﬁnding  distinct  mechanisms  in  kinematic  chains,  in  2006
ao.  A.C.  gives  correlation  string  method  Srinath  and  Rao
2006)  for  ﬁnding  the  distinct  inversions  in  a  kinematic
hain  and  also  the  parallelism  and  isomorphism;  in  2013  Ali
asan  gives  joint  matrix  method  (Hasan,  2013)  for  isomor-
hism  and  distinct  mechanism.  Dharmendra  et  al.  devised  a
icle under the CC BY-NC-ND license (http://creativecommons.org/
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tFigure  1  Pairs  of  isomorp
istance  rank  method  (Singh  et  al.,  2013)  for  isomorphism
nd  distinct  mechanism,  in  2014  Madan  introduced  invariant
abeling  Madan  (2014)  of  kinematic  chains  for  ﬁnding  inver-
ions.  Some  of  the  methods  discussed  above  are  difﬁcult
o  understand  and  some  lack  in  uniqueness.  The  extended
djacency  matrix  method  Mohammad  and  Agrawal  (1999)
etects  69  distinct  inversions  in  8-link  kinematic  chains,
here  as  literature  reports  71  distinct  inversions.  Hence,
his  paper  is  an  attempt  to  counter  this  problem  efﬁciently.
nversion adjacency matrix (IAM)
IAM  (i,  j)  =  0  if  the  ith  link  is  not  directly  connected  to  jth
link.
IAM  (i,  j)  =  1  if  the  ith  link  is  directly  connected  to  jth  link.
IAM  (i,  j)  =  1  if  the  i  =  j  and  the  link  is  a  ﬁxed  link  otherwise
IAM  (i,  j)  =  0.
Inversion  adjacency  matrix  (IAM)  is  a  slight  modiﬁcation
f  adjacency  matrix  (AM)  in  the  diagonal  elements.  The  diag-
nal  elements  of  an  adjacency  matrix  are  zeros  due  to  the
act  that  a  link  cannot  be  connected  to  itself.  Inversions
f  any  chain  can  be  obtained  by  ﬁxing  the  links  turn  wise
ne  at  a  time,  the  ﬁxed  link  of  a  mechanism  is  attached
igidly  to  a  ﬁxed  frame  and  all  the  ﬁxed  links  at  a  time  are
onsidered  as  the  one  link  so  a  ﬁxed  link  is  a  link  which  is
onnected  to  itself,  so  obtaining  the  ‘‘IAM’’  is  very  simple
rom  by  just  changing  the  diagonal  element  of  the  ‘‘AM’’  for
he  corresponding  ﬁxed  link  from  ‘0’  to  1.
istinct inversions (DI) and isomorphism
etection
he  mechanisms  which  perform  same  type  of  work  are
nown  as  identical  mechanisms  and  the  corresponding  ﬁxed
inks  are  known  as  identical  links.  These  identical  links  can
e  determined  by  the  Eigen  values  of  the  inversion  adja-
ency  matrices  (IAM).
‘‘The  absolute  sum  of  the  Eigen  values  of  the  inversion
adjacency  matrix  is  known  as  link  identiﬁcation  number
(LIN)  hence  if  two  LIN’s  are  equal  the  links  are  identical.’’istinct  inversions  (DI)
he  number  of  possible  distinct  inversions  is  the  number  of
istinct  LIN’s  of  the  chain.
o
a
cand  nonisomorphic  chains.
somorphism  detection
wo  chains  are  said  to  be  isomorphic  if  there  is  a  one-to-one
elation  among  the  links  of  one  chain  to  that  of  the  other
hain  i.e.  if  the  LIN’s  of  one  chain  are  in  one  to  one  corre-
pondence  between  the  chains,  they  are  isomorphic  and  the
um  of  the  all  LIN’s  of  a chain  is  its  chain  identiﬁcation  num-
er  (CIN).  The  two  isomorphic  chains  have  the  same  value
f  CIN.
est examples
irst  example  is  pair  of  eight  links,  single  d.o.f.,  isomorphic
inematic  chains  shown  in  Fig.  1(a)  and  (b),  second  example
s  a  pair  of  10  links,  three  d.o.f.,  nonisomorphic  chains  shown
n  Fig.  1(c)  and  (d)  and  third  example  is  a  pair  of  10  links,
ingle  d.o.f.,  isomorphic  chains.  All  three  pairs  of  chains  are
ested  for  isomorphism  and  number  of  obtainable  distinct
nversions.  The  inversion  adjacency  matrices  for  all  chains
re  obtained  as  discussed  in  ‘‘Section  Inversion  Adjacency
atrix  (IAM)’’.  The  inversion  adjacency  matrices,  IAM  (1a)
nd  IAM  (2a)  for  link-1  and  link-2  of  the  chain  (a)  shown  in
ig.  1  can  be  written  as  under.
AM(1a)  =
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
1  1  0  0  0  1  1  0
1  0  1  0  0  0  0  0
0  1  0  1  0  0  0  1
0  0  1  0  1  0  0  0
0  0  0  1  0  1  0  0
1  0  0  0  1  0  0  1
1  0  0  0  0  0  0  1
0  0  1  0  0  1  1  0
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0  1  0  0  0  1  1  0
1  1  1  0  0  0  0  0
0  1  0  1  0  0  0  1
0  0  1  0  1  0  0  0
0  0  0  1  0  1  0  0
1  0  0  0  1  0  0  1
1  0  0  0  0  0  0  1
0  0  1  0  0  1  1  0
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Similarly  the  inversion  adjacency  matrices  (IAM)  for  all
he  links  of  chain  (a)  and  also  for  all  other  chains  are
btained  which  are  shown  in  Fig.  1  and  the  calculated  LIN
nd  CIN  values  are  tabulated  in  Table  1.
Upon  examination  of  the  LIN  values  of  the  chain  (a)  and
hain  (b)  it  is  clear  that  the  links  of  both  the  chains  are  in
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Table  1  LIN  values  of  the  chains  shown  in  Fig.  1.
Link  no  LIN  values
Chain-(a)  Chain-(b)  Chain-(c)  Chain-(d)  Chain-(e)  Chain-(f)
1  11.2084  11.1960  13.7389  13.4153  13.1412  13.1412
2 11.2667  11.2981  13.5117  13.5117  13.3897  13.2427
3 11.1993  11.3770  13.7389  13.7389  13.2391  13.3873
4 11.1751 11.2084 13.5117  13.5117  13.1549  13.1549
5 11.1720 11.1720 13.2578 13.4317  13.1801  13.1801
6 11.1960 11.1751 13.5420 13.5420 13.1528 13.1528
7 11.3770  11.1993  13.2917  13.3868  13.7741  13.7741
8 11.2981  11.2667  13.5420  13.5420  13.7741  13.7741
9 —  —  13.2578  13.4317  13.2427  13.3897
.3048
.6973
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CIN 89.8926  89.8926  134
one  to  one  correspondence  i.e.  1  →  4,  2  →  8,  3  →  7,  4  →  6,
5  →  5,  6  →  1,  7  →  3,  8  →  2  and  the  value  of  the  invariant
CIN  is  also  same  hence  the  two  chains  are  isomorphic  and
all  the  LIN  values  are  distinct  hence  eight  distinct  inversions
are  possible.
Second  test  example  is  a  pair  of  nonisomorphic  3  d.o.f.,
chains  i.e.  chain  (c)  and  (d)  shown  in  Fig.  1.  Mruthyunjaya
and  Balasubramanian  (1987)  shows  that  characteristics  poly-
nomial  approach  fails  in  checking  the  isomorphism  in  this
pair  of  kinematic  chains,  and  after  examining  the  LIN  val-
ues  of  the  two  chains  tabulated  in  Table  1  it  becomes  clear
that  the  links  of  the  two  chains  are  not  in  one  to  one  corre-
spondence  and  the  CIN  values  are  different  hence  the  two
chains  are  nonisomorphic  as  indicated  by  Mruthyunjaya  and
Balasubramanian  (1987)  and  the  pairs  of  identical  links  in
chain  (c)  are  (2  and  4),  (5  and  9)  and  (6  and  8)  as  the  LIN
values  are  same  hence  only  seven  distinct  inversions  are  pos-
sible  from  this  chain,  where  as  the  chain  (d)  has  the  following
pairs  of  identical  links  (1  and  3),  (2  and  4),  (5  and  9)  and  (6
and  8)  hence  only  six  distinct  inversions  are  possible  from
this  chain.
Third  example  is  a  pair  of  isomorphic,  single  degree  of
freedom  chains  tested  by  several  researchers  (Kong  et  al.,
1999;  Rizvi  et  al.,  2014)  shown  in  Fig.  1(e)  and  (f),  after
examining  the  LIN  values  from  Table  1  it  is  concluded  that
the  links  of  the  chain  (e)  and  chain  (f)  are  in  one-to-one
correspondence  i.e.  link  1  →  1,  2  →  9,  3  →  10,  4  →  4,  5  →  5,
6  →  6,  7  →  7,  8  →  8,  9  →  2,  10  →  3  and  the  chain  identiﬁca-
tion  values  (CIN)  are  also  same  hence  the  two  chains  are
isomorphic  and  also  the  link  nos.  7  and  8  are  having  the
same  LIN  values  in  both  the  chains  i.e.  13.7741  so  only  nine
distinct  mechanisms  are  possible.
Conclusion
The  method  developed  here  is  a  simple,  reliable  and  efﬁ-
cient  method  as  it  is  tested  and  found  successful  for  several
examples  available  in  literature  upon  which  other  methods
fails  or  requires  lengthy  procedure.  The  proposed  method  is
capable  of  detecting  the  exact  number  of  distinct  inversions
from  a  kinematic  chain  and  also  detects  the  isomorphism
among  the  kinematic  chains.  The  method  detects  5  inver-
sions  from  the  6-link  chains,  71  inversions  from  8-link  chains,
Y 13.3048  13.3873  13.2391
 134.8144  133.4361  133.4361
54  inversions  from  9  link  chains  and  1834  inversions  from
0  link  chains.
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